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Figure 22.  Time history response estimated by LSSI-G analysis case: (a) EW direction, (b) NS direction, 

and (c) UD direction. 

 



 

22 

 
(a) 

 
(b)  

 
(c) 

 
Figure 23.  Response spectra of on the free field, RB-BM, and TB-BM converted using the Fast Fourier 

Transform theorem: (a) EW direction, (b) NS direction, and (c) UD direction. 
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4. CONCLUSIONS 
A series of both linear and nonlinear soil-structure interaction analyses were performed to explore the 

influence on nonlinearities (material and geometric) on the seismic response (ISRS) of nuclear power plant 
structures. The study was motivated by the hypothesis that these nonlinearities could potentially reduce the 
maximum accelerations in the structural basemat relative to the values measured in the free field. Only two 
sources of nonlinearities were explored in this study: (i) soil material nonlinearity, and (ii) geometric 
nonlinearity (gapping and sliding) between soil and structure. Linear soil-structure interaction (LSSI) analysis 
was first performed in the time domain with elastic soil material properties. Nonlinear soil-structure interaction 
(NLSSI) analyses with nonlinear soil material (NLSSI-S), tiebreak contact definition (NLSSI-TB), and gap 
elements (NLSSI-G) were also performed. 

Maximum accelerations between the free field and basemat were reduced slightly in only the EW and NS 
directions. The maximum acceleration in the UD direction increased by 10 %. The largest reduction in 
maximum accelerations occurred in the NLSSI-S model, in which the structure is surrounded by nonlinear soil. 
Up to 49.8 % of maximum acceleration reduction was observed. The attempt to simulate the geometric 
nonlinearity (gapping and sliding) using the tiebreak contact in LS-DYNA (NLSSI-TB) resulted in unrealistic 
amplifications in the structure are due to the reversal to non-automatic contact after failure. The attempt to 
simulate the geometric nonlinearity (gapping and sliding) using gap elements (NLSSI-G) resulted in similar 
responses to those as NLSSI-S model. No additional reduction in response was observed due to the nonlinearity 
at the interface. Therefore, maximum reductions observed in the NLSSI studies documented here were due to 
the soil nonlinearities. However, this was an exploratory study, which highlights the need for more detailed and 
focused investigations with due consideration of: (i) the ground motion content (frequency and amplitude), (ii) 
better modeling of soil nonlinearities, (iii) better modeling of the nonlinearity at the soil-structure interface, and 
(iv) calibration of the nonlinearity models using experimental data if possible. Experimental calibration of the 
interface model using direct shear test data is recommended if possible. But, there is a better need to understand 
this nonlinearity at the soil-concrete interfaces, gapping and sliding elements need to be improved, and 
sensitivity analysis need to be conducted. Soil tensile strength (range ± 50 %), interface behavior (range 
± 50%), friction coefficient (range ± 50%), ground motion PGA (range ± 25%), soil nonlinearity (variability) 
should be considered in the sensitivity analysis. 
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